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ABSTRACT: In this work, the valence band offset (∆EV) and hole transport across the heterojunction between 
amorphous silicon suboxides (a-SiOx:H) and crystalline silicon (c-Si) is investigated. Thin layers ranging from pure 
intrinsic a-Si:H to near-stoichiometric a-SiO2 were grown by varying precursor gas mixtures during chemical vapor 
deposition. A continuous increase of ∆EV starting from ≈ 0.3 eV for the a-Si:H/c-Si to > 4 eV for the a-SiO2/c-Si 
heterointerface was measured by in-system photoelectron spectroscopy. Furthermore, (p)a-Si:H/(i)a-SiOx:H/(n)c-
Si/(i,n+)a-Si:H heterojunction solar cells, with intrinsic a-SiOx:H passivation layers deposited using the same 
parameter sets, were fabricated. We report a linear decrease of the solar cell fill factor for increasing ∆EV in the range 
of 0.27 – 0.85 eV. The reason is an increase of the barrier height for holes at the (i)a-SiOx:H/(n)c-Si heterojunction 
and a simultaneous change of the hole transport mechanism from thermionic emission to defect-assisted tunnel 
hopping through valence-band tail-states. It is demonstrated that as compared to a single layer, significantly larger 
barrier heights can be tolerated in a stack of high band gap material and a material with lower band gap, forming a 
staircase of band offsets. This could allow the application of these layers in silicon heterojunction solar cells. 





Although a large variety of alternative material 
systems and photovoltaic (PV) technologies were rising 
up in the past [1] it seems that on an industrial, low cost 
and large scale level, silicon wafer based PV approaches 
cannot be beaten in the near future [2]. Among those, the 
amorphous/crystalline silicon heterojunction (SHJ) solar 
cell is a promising approach, which is reflected in the 
actual efficiency record of 24.7 % for a standard cell 
design with a p/n junction on the front and a back surface 
field on the rear side of the cell, respectively [3]. This 
structure is depicted in Fig. 1(a), which is the layer stack 
used in our study. For an interdigitated back contact 
design the world record efficiency of 25.6 % for a PV 
device with a single p/n junction was reported in 2014 by 
Panasonic [4]. These high efficiencies, which are already 
close to the theoretical Shockley-Queisser limit of 29 % 
for single-junction silicon solar cells [5] can be achieved 
mainly due to the excellent and full area passivated 
contacts. However, a drawback of this technology is the 
current loss due to parasitic absorption in the amorphous 
silicon emitter and passivation layers on the front side of 
the standard cell design (cf. Fig. 1(a)). Holman et al. 
calculated total current density losses of about 1.2 
mA/cm2 in 5 nm (p)a-Si:H and about 0.6 mA/cm2 in 5 
nm (i)a-Si:H [6]. Therefore, one possibility to further 
improve this technology could be the replacement of 
these a-Si:H layers by higher band gap and low 
absorption a-Si:H alloys like amorphous or 
microcrystalline silicon oxide (a-SiOx:H) [7-10] or 
silicon carbide [11, 12]. 
In this paper we reconsider the results of our fundamental 
study of (i)a-SiOx layers deposited on (n)c-Si wafers [13]. 
The stoichiometry x of these passivation layers, as well as 
the valence band (VB) offset ∆EV at the SHJ (cf. Fig. 
1(b)) was determined. In a second step, SHJ solar cells 
with identically prepared passivation layers were 
fabricated [14]. We can directly link ∆EV at the SHJ to 
solar cell performance, since ∆EV constitutes a transport 
barrier for holes, which is reflected in the solar cell’s fill 
factor. In Fig. 1(b) the band line-up of the SHJ is 
sketched. Hole transport from the c-Si absorber to the 
front contact can occur either by thermionic emission or 
by defect-assisted tunnel hopping processes through the 
(i)a-SiOx passivation layer, depending on the transport 
barrier height imposed by ∆EV [15-17]. 
 
Figure 1: (a) Basic structure of the investigated a-Si:H/c-Si 
heterojunction (SHJ) solar cell (layer thicknesses not to scale). 
(b) Band line-up at the hole contact of the SHJ solar cell. Holes 
which are generated in the (n)c-Si absorber can overcome the 
transport barrier imposed by the valence band offset ∆EV either 
by thermionic emission (TE) across, or by tunnel-hopping 
processes (TH) through the (i)a-SiOx:H passivation layer. They 
then travel in the (p)a-Si:H valence band and are collected at the 
external front contact (TCO and metal grid). The sketch also 
shows other relevant physical quantities like the band bending 
eφ and interface defect density Dit. 
The aim of this report is to summarize our results of the 
evolution of ∆EV and the passivation properties at the 
(i)a-SiOx/(n)c-Si heterointerface with changing 
stoichiometry x [13], and the direct correlation of these 
SHJ parameters to solar cell performance [14]. This 
direct correlation of junction parameters with device 
results is a significant added value in comparison to 
former studies [7-9]. We are thus able to discuss the hole 
transport mechanisms across the SHJ, which is still a 
subject of discussion, in more detail. Finally we will 
comment on possibilities for implementation of high 





2.1 Layer deposition and solar cell fabrication 
 The substrates used in our study were commercial 
available high quality float zone silicon wafers, 260 μm 
thick, polished with a (111) surface orientation and a 
resistivity of ≈ 3 Ω∙cm (phosphorus-doped). With the 
standard RCA process, the wafers were cleaned, followed 
by a dip in diluted hydrofluoric acid (1%, 2 min) to 
remove the native silicon oxide. 
Amorphous layers were grown with conventional parallel 
plate (2 cm electrode distance) plasma-enhanced 
chemical vapour deposition (PECVD) at 60 MHz 
excitation, a plasma power density of 56 mW/cm2, a 
process pressure of 0.5 mbar, a substrate temperature of 
175 °C, and precursor gas mixtures of SiH4/CO2/H2. For 
hydrogen passivation the gas flow of H2 was kept 
constant at 5 sccm. SiH4 and CO2 gas flows added up to a 
total of 10 sccm. In order to vary the stoichiometry x of 
our (i)a-SiOx:H layers, the ratio R = CO2/SiH4 was varied 
from 0 to 4, as it is also depicted by the bars in Fig. 3. 
Layer thicknesses were determined by using 
spectroscopic ellipsometry (wavelength range 190 – 850 
nm) and fitting the data with a Tauc-Lorentz model [18]. 
For solar cell fabrication, as its structure is depicted in 
Fig. 1(a), on the rear side wafers were coated with 4 nm 
intrinsic a-Si:H and a 8 nm n+-type a-Si:H layer to act as 
a back surface field. On the front side, 5 nm intrinsic a-
SiOx:H passivation and 8 nm p-type a-Si:H emitter layers 
were deposited. The solar cells were then completed by 
ITO sputtering and metallization with Ti/Ag stacks as it 
is described elsewhere [19]. Note that for photoelectron 
spectroscopy (PES) analysis thicker layers of 10 nm (i)a-
SiOx (due to information depth of analysing methods) 
were grown using the same parameter sets. 
 
2.2 Analysing methods 
Layer properties during cell fabrication, as well as 
heterojunction parameters were analysed with various 
methods. 
Photoconductance decay (PCD) measurements from 
which we can extract minority carrier lifetimes and 
interface defect densities Dit, and illumination dependent 
open circuit voltage measurements (SunsVOC) [20] were 
carried out in between various process steps. To quantify 
the surface band bending eφ of c-Si in equilibrium, the 
surface photovoltage (SPV) method [21] was employed. 
Different modes of in-system PES were conducted to 
determine the VB edge position, as well as the 
stoichiometry x of the (i)a-SiOx:H layers. In order to 
avoid surface oxidation and other contamination by 
surface adsorbates, a vacuum transfer of the samples 
from the PECVD to the ultrahigh vacuum analysis 
chamber was achieved. The stoichiometry was quantified 
by using Mg Kα X-ray PES (XPS). Near-ultraviolet PES 
measurements using a high pressure Xe-lamp and a 
double grating monochromator (4.0 – 7.3 eV excitation 
energy) were conducted in the constant-final-state-yield 
mode (CFSYS) [22] to resolve the valence band region. 
The VB tail (Urbach Energy E0V) and edge position was 
determined by fitting a model density of states (DOS) to 
the data [23]. For layers with VB offsets larger than 1.24 
eV, the low excitation energy of this method was not 
sufficient enough to further track the VB edge. Therefore, 
we employed the less sensitive ultraviolet PES (UPS) 
method, using a He-lamp (He-I discharge line at 21.2 
eV). 
For discussion of our experimental data, numerical 




3 RESULTS AND DISCUSSION 
 
3.1 a-SiOx:H film and SHJ characterization 
 In the first part of this report, the (i)a-SiOx films itself 
(stoichiometry x and VB structure) and relevant a-SiOx/c-
Si heterojunction parameters (VB offset ∆EV and 
passivation quality Dit) are characterized. For a 
comprehensive discussion of this part see Ref. [13]. 
Based on an XPS analysis, we monitor in a first step the 
evolution of the stoichiometry x of our (i)a-SiOx:H layers. 
Fig. 2(a) shows the raw data of the Si 2p peak. For pure 
(i)a-Si:H (0 sccm CO2, black curve in Fig. 2(a)) there is 
only one peak (Si0+) in the spectra located at approx. 99.4 
eV (spin-orbit splitted into Si 2p3/2 and Si 2p1/2, cf. Fig. 
2(b)). For increasing CO2 flow the chemical environment 
of the Si atoms changes and therefore the Si0+ peak is 
gradually reduced and coincidently peaks corresponding 
to core level signals from the various Si oxidation states 
(Si1+… Si4+) appear on the higher binding energy side 
between 101 – 104 eV. An exemplarily curve is shown in 
Fig. 2(b) with fixed Si suboxide peak positions fitted 
using tabulated values [25]. Following this well-
established fitting analysis, the stoichiometry x of the 
films can be calculated based on the ratio of various 











where j denotes the various oxidation states with their 
corresponding peak areas Aj. This procedure is cross-
checked with a complementary method based on the O 
1s/Si 2s peak ratios weighted with their respective atomic 
sensitivity factors [26]. Fig. 3 shows the resulting 
calibration curve, in which the precursor gas flows of 
SiH4 and CO2 respectively in the PECVD can be directly 
linked to the corresponding film stoichiometry x. Our 
layers range from pure a-Si:H to nearly stoichiometric a-
SiO2. Note that for all layers the C concentration stayed 
well below 3 % of the O concentration. 
In a next step we investigated the changes in the VB 
structure of the (i)a-SiOx:H layers over the whole 
stoichiometry range (0 ≤ x ≲ 2) by using various modes 
of ultraviolet PES. Fig. 4(a) shows the raw data of the 
near-ultraviolet PES in the so-called CFSYS mode [22]. 
The inset displays a typical a-Si:H DOS spectrum and a 
model DOS obtained by a fit procedure as has been 
 
Figure 2: (a) XPS raw data of the Si 2p peak for (i)a-SiOx:H 
layers deposited with different precursor gas flow rates of 
SiH4/CO2. (b) Exemplary peak fit for 6 sccm CO2 flow showing 
the different Si oxidation states. Composition and peak shift 
result from changes in the chemical near-field surrounding of Si 
upon O incorporation. 
 
 
Figure 3: Stoichiometry x of (i)a-SiOx:H films in dependence of 
the SiH4/CO2 precursor gas flow ratios (green and red bars) 
during layer deposition as deduced from XPS data analysis using 
either the ratios of the O 1s to the Si 2s peak areas (blue points) 
or the relative contributions of the Si oxidation states in the Si 2p 
peak (black squares). 
 
discussed and evaluated earlier [23]. By modeling the 
CFSYS data the VB edge positions (points in Fig. 4 (a)), 
its exponentially decaying tail slopes (Urbach energies) 
and the mid-gap dangling bond defect distributions can 
be obtained (cf. Ref. [13]). With increasing O 
concentration the VB edge position steadily increases, 
and eventually for values x > 0.84 it is shifted too far 
towards higher binding energies and thus beyond the 
range accessible with the UV lamp used in this study 
(excitation energies between 4.0 – 7.3 eV). Therefore, to 
further track the evolution of the VB edge position, the 
standard He-UPS method with a higher excitation energy 
of 21.2 eV was conducted. The VB edge position is 
determined by a linear extrapolation of the DOS leading 
edge to zero, but due to the lack of signal-to-noise VB 
tails or dangling bonds cannot be resolved for these 
measurements (Fig. 4(b)). Moreover, at the a-SiO0.84:H 
sample we applied both methods and found an agreement 
within 0.3 eV, which we also take as an estimate for the 
systematic error of our PES study. 
 
 
Figure 4: (a) CFSYS spectra of the VB DOS for the a-SiOx:H 
layers with different stoichiometry x. The inset shows a model fit 
of a typical a-Si:H DOS consisting of a broad dangling bond 
defect distribution and the exponential decaying VB tail (Urbach 
energy) [23]. The VB edge positions are denoted by the dots. A 
continuous shift to higher binding energies for increasing O 
contents is observed. (b) UPS data in which the VB edge 
positions (arrow marks) are obtained by linear extrapolation of 
the leading edge to zero. 
 
In order to determine the relevant heterojunction 
parameter ∆EV, we need to further consider possible 
changes of the equilibrium band bending eφ (cf. Fig. 
1(b)). Therefore SPV measurements, performed on the 
PES samples immediately after removal from the UHV 
system, were conducted. For all samples eφ stayed below 
0.15 eV and the values are taken into account by using 
the formula (cf. Fig. 1(b)): 
∆𝐸𝑉 =  𝐸𝑉,𝑎−𝑆𝑖𝑂𝑥:𝐻  −  𝐸𝑉,𝑐−𝑆𝑖 + 𝑒𝜑 
Fig. 5(a) displays the resulting VB offsets ∆EV, 
calculated by combining PES and SPV results, and 
plotted against the stoichiometry x, determined by XPS 
measurements. Our values start at the standard value of 
∆EV ≈ 0.3 eV for pure a-Si and monotonously rises for 
increasing stoichiometry x to more than 4.0 eV for the 
near-stoichiometric a-SiO2 layers. Concerning these end 
points, our results are in line with literature data [21, 23, 
27, 28]. 
Finally, we turn to the analysis of the (i)a-SiOx interface 
passivation of the c-Si substrate, as sufficient good 
passivation qualities are crucial for a successful device 
implementation of these layers. Fig. 5(b) displays the 
interface defect density Dit, as it is extracted from the 
injection dependence of the minority carrier lifetime 
measured with PCD on solar cell precursors with an (i)a-
Si:H passivation and a (n+)a-Si:H layer stack on the back 
side, and an (i)a-SiOx:H layer on the front side. As 
depicted in Fig. 5, data are only shown for the device 
relevant low-x regime. It is obvious that Dit increases 
drastically for rising O concentration, but also decreases 
to the same order of magnitude after (p)a-Si:H emitter 
deposition on top of the (i)a-SiOx passivation layers. 
After emitter deposition all (i)a-SiOx layers show a 
similar passivation quality as the standard (i)a-Si:H/c-Si 
interface (without O) which is promising with respect to 
device application. Note that the samples in this study are 
not symmetric which may lead to a slightly 
overestimation of 10 % for the calculated Dit [14]. Dit can 
be directly related to the Si bonding environment and the 
H density at the SHJ. During (p)a-Si:H deposition, the 
sample temperature stays below 200 °C, i.e. below the 
temperature that is required for thermal activation of 
bond reconfiguration in an annealing step. Thus, it can be 
surmised that the lowered dangling bond concentration at 
the interface, as evidenced by the reduced Dit, is likely 
due to dangling bond saturation with H provided during 
the additional plasma process [14]. 
 
 
Figure 5: (a) VB offset ∆EV at the a-SiOx:H/c-Si heterojunction 
derived from combining PES and SPV data for the whole 
stoichiometry range (0 ≤ x ≲ 2). (b) Interface defect density Dit 
obtained from PCD measurements for c-Si passivated with (i)a-
SiOx:H (black squares) and after subsequent (p)a-Si:H emitter 
deposition on the same samples (blue circles). Data shown in (b) 
only for the low-x stoichiometry range (x ≤ 0.84) which is 
relevant for SHJ solar cells. 
 
3.2 a-SiOx:H passivation layers in SHJ solar cells 
 In the second part of this report we discuss the 
implementation of identically prepared (i)a-SiOx:H layers 
(low-x regime) as passivation layers in SHJ solar cells. 
Therefore we are able to directly connect the measured 
∆EV to device performance. A more detailed discussion of 
this part can be found in Ref. [14] 
Fig. 6(a) displays the experimental I-V-characteristics of 
SHJ solar cells measured at AM1.5 irradiation. The most 
prominent feature is the strongly increasing s-shape of the 
I-V-curves for rising ∆EV. Fig. 6(b) shows the solar cell’s 
VOC and implied VOC (iVOC), measured at cell precursors 
before ITO deposition and metallization. VOC decrease 
slightly and monotonously for rising ∆EV, whereas the 
iVOC stays constant after an initial increase. This behavior 
is explained with an increased layer porosity for films with 
higher oxygen fractions. Depending on the morphology, 
hydrogen is driven out in the following processes, causing 
slightly poorer passivation quality and resulting in the 
observed decrease in VOC (cf. Ref [14] & references 
therein). In Fig. 6(c) the FF and pseudo FF (pFF) of the 
solar cells, as well as simulated FF (sFF) are plotted 
against ∆EV. At first sight the pronounced difference 
between the strongly decreasing FF and the even slightly 
increasing pFF might be unexpected. The pFF is measured 
using SunsVOC, where no current is extracted from the 
device. It reflects the maximum possible FF, excluding 
carrier transport related effects. Therefore, we relate the 
strongly decreasing FF from 78 % at ∆EV = 0.27 eV to 52 
% for ∆EV = 1.24 eV to a transport barrier for charge 
extraction through the heterointerface, due to the 
increasing VB offset ∆EV at the SHJ. Numerical 
simulations were conducted to gain further insight into the 
dependence of the hole transport mechanism on ∆EV. 
Using the software AFORS-HET [24] only thermionic 
emission is employed to simulate the transport across the 
SHJ, which is a commonly used assumption in literature 
[9, 29]. It is obvious from Fig. 6(c), that this assumption 
only fits the experimental data for ∆EV values well below 
400 meV. Therefore, in this regime thermionic emission 
appears to be the dominant transport mechanism. For 
higher VB offsets additional pathways for the minority 
charge carrier transport must exist. These are commonly 
assumed to be defect-assisted tunnel hopping processes 
through the VB tail states of the amorphous passivation 
layers. From the comparison between the experimental 
findings presented here and simulation studies [14-17, 30] 
we conclude that for ∆EV ≳ 400 meV tunneling processes 
at the interface become dominant. However, this additional 
transport path is not conductive enough to prevent a 




Figure 6: (a) I-V-characteristics under AM1.5 spectrum 
irradiation of SHJ solar cells with differen (i)a-SiOx passivation 
layers and thus varying VB offsets ∆EV. (b) Open circuit voltage 
(VOC) and implied VOC (iVOC). (c) Solar cell fill factor (FF) and 
SunsVOC pseudo FF (pFF) for the same solar cells, and simulated 
FF (sFF) using AFORS-HET. 
 
This transport problem across the SHJ for larger VB 
offsets hampers the application of wide band gap materials 
(such as a-SiOx) in solar cell devices. To mitigate this 
problem, we pursued the idea to split the total VB offset at 
the c-Si/wide-gap material interface into a sequence of two 
smaller offsets. To this end, as a proof of concept, we 
fabricated SHJ solar cells with a layer stack on the front 
side consisting of a 2 nm (i)a-Si:H passivation layer with a 
VB offset to the c-Si substrate of ∆EV = (270 ± 50) meV, 
followed by a 3 nm thick (i)a-SiO0.3:H layer. For this 
structure (inset of Fig. 7) we determined a total VB offset 
of ∆EV = (585 ± 50) meV. The resulting I-V-curve of this 
a-Si:H/a-SiO0.3:H staircase approach is compared to the 
single layer a-SiO0.3:H reference cell in Fig. 7(a). It is 
obvious that the relatively low FF of 63 %, caused by the 
transport barrier at the heterojunction of ∆EV = (585 ± 50) 
meV, can be drastically increased by splitting this VB 
offset. Apparently, in the stacked device the transport 
barrier is reduced and therefore the FF increases 
significantly to 70 %. Note that this increased FF is still on 
a somewhat lower level as our standard cell with 5 nm (i)a-
Si:H passivation layer yielding a FF of 78 %. The VOC of 
the two cells are identical, indicating comparable 
passivation qualities. Nevertheless, these results reveal that 
the stacked layer approach is a promising concept with 
respect to device application. In addition, we also 
conducted numerical simulations with AFORS-HET. As 
for the single layers in the previous section, only 
thermionic emission as transport mechanism over the SHJ 
was implemented in our simulations. For the stack, the 
total VB offset is plotted on the abscissa, which is split into 
the fixed 270 meV offset of the a-Si:H/c-Si interface and a 
second offset, summing up to the total ∆EV. The obtained 
FF values are depicted in Fig. 7(b). As expected, a material 
stack approach does not change the overall trend of 
decreasing FF for increasing ∆EV, but increases the FF at a 
given overall VB offset. Since our simulations do not 
include any hopping processes, this constitutes a clear 
indication that the increasing FF is most likely due to more 
efficient thermionic emission along a layer stack, than for a 
single interface with only one large VB offset. Note that at 
this point we do not consider any tunnel-hopping effects in 
the 3 nm reduced oxide layer thickness compared to the 
standardly used 5 nm thicknesses in the single layer 
approach (cf. Ref. [14]). 
 
 
Figure 7: (a) I-V-characteristics under AM1.5 spectrum 
irradiation of SHJ solar cells with a single 5 nm thick (i)a-SiO0.3:H 
passivation layer (dashed red curve) corresponding to a VB offset 
∆EV = (585 ± 50) meV and a staircase passivation layer stack 
(black curve) with the same overall ∆EV but split into 2 nm (i)a-
Si:H with ∆EV = (270 ± 50) meV and 3 nm of (i)a-SiO0.3:H. (b) 
Simulated FFs extracted from AFORS-HET simulations 
implementing only thermionic emission over the (i)a-SiOx:H/c-Si 
interface for variable ∆EV (dashed red curve) and the same 
simulations for the (i)a-SiO0.3:H/(i)a-Si:H/c-Si layer stack where 





 One possibility to further improve the high efficient 
silicon heterojunction (SHJ) solar cell concept is to 
reduce the parasitic absorption in its front contact layers 
by implementing wider band gap materials which will 
obviously also modify the band alignment at the 
heterointerface. In our studies we investigated a-SiOx:H, 
ranging from pure a-Si to wide band gap near-
stoichiometric a-SiO2. Layers were prepared with plasma 
enhanced chemical vapour deposition by varying the 
precursor gas fraction of SiH4/CO2. Film stoichiometry 
and valence band alignment at the SHJ was investigated 
via various modes of in-system photoelectron 
spectroscopy. Furthermore, all our layers reveal a 
sufficient surface passivation. In a second step SHJ solar 
cells with identically prepared layers were fabricated. 
Therefore, we can directly relate the measured valence 
band offsets at the heterointerface to solar cell 
parameters. Rising valence band offsets cause increasing 
transport barriers for holes. This is reflected in decreasing 
solar cell fill factors. The experimental results are 
compared and discussed with the aid of numerical 
simulations. Device efficiencies decrease for increasing 
transport barriers due to a decreasing contribution of 
thermionic emission. Simultaneously the contribution of 
tunneling processes increases. This constitutes a general 
problem for SHJ solar cells. Nevertheless, we 
demonstrate that a stacked passivation layer approach 
mitigates this transport problem. Layer stacking and 
therefore the splitting of valence band offsets is a 
promising concept. Especially, the combination of a 
medium band gap passivation layer and a high band gap 
hole contact layer could allow the successful application 
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